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E-mail address: vlrgmm@cid.csic.es (V. LumbrerasThe SNF1/AMPK/SnRK1 complex is an intracellular energy sensor composed of three types of sub-
units: the SnRK1 kinase and two regulatory, non-catalytic subunits (designated b and c). We have
previously described an atypical plant c-subunit, AKINbc, which contains an N-terminal tail similar
to the so-called KIS domain normally present in b-subunits. However, it is not known whether
AKINbc normally associates with endogenous SnRK1 complexes in vivo, nor how its unique domain
structure might contribute to SnRK1 function. Here, we present evidence that maize AKINbc is an
integral component of active SnRK1 complexes in plant cells. Using complementary methodological
approaches, we also show that AKINbc associates through homomeric interactions mediated by
both, the c- and, unexpectedly, the KIS/CBM domain.
Structured summary:
MINT-7040005: AKIN (uniprotkb:B4FX20) and AKIN (uniprotkb:B4FX20) physically interact (MI:0914) by
chromatography technologies (MI:0091)
MINT-7039992: AKIN (uniprotkb:B4FX20) and AKIN (uniprotkb:B4FX20) physically interact (MI:0915) by
bimolecular ﬂuorescence complementation (MI:0809)
MINT-7040024, MINT-7040044, MINT-7040067: AKIN (uniprotkb:B4FX20) and AKIN (uniprotkb:B4FX20)
bind (MI:0407) by pull down (MI:0096)
MINT-7039978: SnRK1 (uniprotkb:Q8H1L5) and AKIN (uniprotkb:B4FX20) physically interact (MI:0915)
by bimolecular ﬂuorescence complementation (MI:0809)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction hand, the c-subunits play a more direct role in controlling SNF1 ki-The sucrose nonfermenting-1 protein kinase (SNF1) and its
eukaryotic homologs (AMPKa/SnRK1) are Ser/Thr kinases that
regulate cellular responses to a variety of nutritional and environ-
mental stresses [1,2]. SNF1/AMPKa/SnRK1 kinases have been
shown to function in a complex with two non-catalytic b and c
subunits that exist in multiple isoforms [3]. The b-subunits are
involved in the subcellular localization of the complex and also
contribute to the speciﬁcity of recognition between the kinase
and its targets [4]. They usually contain two deﬁned domains:
the KIS (Kinase Interaction Sequence) domain and the ASC (ASsoci-
ation with the Complex) domain. It has recently been shown that
the KIS region includes a putative carbohydrate binding subdo-
main (CBM) implicated in glycogen/carbohydrates binding [5],
while the ASC region works as a molecular scaffold for the complex
that binds to both the kinase and the c-subunits [6]. On the otherchemical Societies. Published by E
).nase activity acting as direct regulators [7].
In plants, some diversity has emerged, together with the typical
subunits, speciﬁc proteins that had never been described in any
other kingdom are found. This group includes proteins, such as
AKINb3-type, a truncated form of b-subunit lacking the entire
CBM, as well as the N-terminal region [8], or such AKINbc, a sub-
group of atypical c-subunits, with a unique structural organization
of protein domains. AKINbc proteins conserve the characteristic
four CBS motifs in their C-terminal region, but contain an extended
N-terminal region with homology to the KIS/CBM domain normally
found in b-subunits [9,10]. AKINbc has been shown to complement
the yeast snf4mutant and to interact in the two hybrid systemwith
catalytic and b-subunits of the SnRK1 complex [9,10], suggesting
that they can function as regulatory co-factors of plant SnRK1 activ-
ity. However, it is not knownwhether this atypical domain structure
might contribute to the regulation of SnRK1 function. In this work,
we show that AKINbc is an integral component of active SnRK1 com-
plexes in plant cells. We also provide in vitro and in vivo evidence
that AKINbc forms stable homodimeric associations mediated by
both the c- and the KIS/CBM-domains.lsevier B.V. All rights reserved.
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2.1. Plant material
Arabidopsis cell culture [11] was used for the preparation of pro-
toplasts. Cells were maintained in medium containing 4.2 g/l
Murashige and Skoog (MS) basal medium including vitamins;
30 g/l sucrose; 0.9 mg/l NAA, at pH 5.8) and used after 4 days of
subculture 20% v/v.
2.2. Protoplast transfection, immunoprecipitation and kinase activity
assays
Protoplast transfection was performed as described by [12]. For
transient expression, 150 ll of ﬂoating protoplasts were mixed
with 20–40 lg of AKINbc cloned in the pGIGI vector [13]. For
immunoprecipitation experiments, 400 lg of protein was incu-
bated for 4 h with 1 ll of c-Myc monoclonal antibody (Sigma).
Then, 40 ll of 50% protein G-Sepharose (Sigma) was added and
incubated for 1 h. The immunoprecipitate was washed 3 times in
IP-buffer (20 mM Tris–HCl pH 7.5; 150 mM NaCl; 1 mM EGTA;
1 mM Na3VO4; 1 mM NaF; 1 mM PMSF; 10 lM leupeptine; 1 ll/
ml aprotinine; 10 ll/ml pepstatine) and once in K-buffer (20 mM
Tris–HCl, pH 8; 5 mM MnCl2; 0.8 mM DTT). SAMS phosphorylation
was determined as described by [14].
2.3. GFP localization and BiFC by confocal microscopy
Full-length AKINbc, SnRK1a and SnRK1b cDNA sequences were
cloned in the PC1302 vector (Clontech) and in the GATEWAY-com-
patible vector pENTRY3C (Invitrogen). A cDNA fragment corre-
sponding to the AKINbc KIS domain (1–154 aa) was also cloned inFig. 1. Subcellular localization of maize AKINbc, SnRK1a and SnRK1b in onion epidermal
fused to GFP and expressed under the control of CaM35S promoter. (A) Cell localization (
bright ﬁeld; and right, GFP/bright ﬁeld overlay.pENTRY3C. The three pENTRY3Cplasmidswere transferred to a BiFC
GATEWAY-modiﬁed vector developed by A. Ferrando (unpublished
results) to produce 35S::YN-SnRK1a; 35S::YN-SnRK1b; 35S::YN-
AKINbc; 35S::YN-KIS; 35S::YC-SnRK1a; 35S::YC-SnRK1b; 35S::YC-
AKINbc; and 35S::YC-KIS. Maize b1 cDNA sequence was cloned in
the pLOLA vector [13] and transferred to PC1300 (Clontech) for
transfection experiments. Onion epidermal transformationwas car-
ried out as previously described [15]. Nicotiana benthamiana plants
were transiently transfected. For the co-inﬁltration, equal volumes
of the three/four Agrobacterium cultures (the two truncated YFP
constructs; the b1 construct; and the strain expressing the HcPro
protein) were mixed [16].
2.4. Protein expression and puriﬁcation
A cDNA fragment encoding the AKINbc KIS domain (1–154 aa)
was cloned into the GST expression pZEX vector [17] and ex-
pressed in Escherichia coli BL21 cells as described [19]. To release
the KIS domain from GST, 0.5 ml of glutathione resin with the
bound protein was incubated with thrombin (10 U/mg of protein)
in digestion buffer (20 mM Tris–HCl, pH 8; 100 mM NaCl; 2.5 mM
CaCl2) and incubated at 20 C o/n. The soluble fraction containing
the KIS polypeptide was recovered and thrombin was removed
by further puriﬁcation of KIS domain performed using ion-ex-
change and size-exclusion chromatography coupled to a FPLC sys-
tem. Brieﬂy, KIS/CBM domain was dialyzed against Tris–HCl to
remove salts and loaded into a MonoQ HR5/5 ion exchange col-
umn. Eluted fractions were analyzed by SDS–PAGE. For size-exclu-
sion chromatography, samples were concentrated to 200 ll
(ultrafree-0.5 centrifugal ﬁlter Biomax 5K, Millipore) and applied
to a Superdex 75-HR-10/30 column. In both chromatographies,
samples were eluted with a continuous ﬂux of 0.5 ml.cells analysed by confocal scanning microscopy. AKINbc, SnRK1a and SnRK1b were
20). (B) AKINbc and SnRK1b nucleus detail (63); center, the same nucleus under
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AKINbc and AKINbc derivative fragments were cloned into
pET28a (Promega) and pZex [17] expression vectors, respectively.
The KIS domain of AtPTPKIS1 (residues 255–339) was cloned into
pGEX5X.1 vector [18]. Expression of GST fusion proteins and bind-
ing assays were tested essentially as described by [17].3. Results
3.1. AKINbc associates with SnRK1 kinase activity in vivo
The similarity between AKINbc and c-type subunits, together
with the observation that AKINbc interacts with plant SnRK1 ki-
nases in yeast [9], suggest that AKINbc also assembles into endog-
enous SnRK1 complexes. To test this hypothesis, we ﬁrst compared
the subcellular localization patterns of AKINbc and two SnRK1
family proteins from maize in transfected onion cells. These two
SnRK1 (SnRK1a and SnRK1b) kinases were cloned by PCR ampliﬁ-
cation from maize embryo RNA using sequence information from
two EST cDNA clones reported in the JCVI data base (Supplemen-
tary Fig. S1). We constructed AKINbc and SnRK1 derivatives fused
in frame with GFP and expressed the resulting proteins in transfec-
ted onion epidermal cells. As shown in Fig. 1, AKINbc-GFP protein
was readily detected in both, nucleus and cytoplasm, although it
was absent from nucleoli. In the case of GFP-tagged SnRK1 sub-
units, we observed a common pattern of cytoplasmic accumulationZmAKINβγ 
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Fig. 2. AKINbc interaction with SnRK1 subunits. (A) SnRK1 activity associated with AKI
assay. SnRK1 activity was performed using SAMS peptide as substrate. As a negative co
standard deviations (n = 3). (B) AKINbc and SnRK1 subunits BiFC interaction. Subcellular
without co-expression of b1subunit, determined in leaf epidermis of Nicotiana benthamiin large inclusions for both proteins, whereas SnRK1b was also
found at signiﬁcant levels within the nucleus (Fig. 1B). Similarly,
the mammalian AMPK catalytic subunits (a1 and a2) also show
different nuclear localization [19]. Curiously, the observed
ZmSnRK1 cytoplasmic speckles are of ovoid shape, varying in
length from 1.5 to 5 lm and resemble the AMPK accumulation in
large inclusions corresponding to abnormal glycogen accumulation
when the kinase is overexpressed [20]. However, the nature of
these subcellular structures formed by the expression of maize
SnRK1 kinases in onion cells will require further studies.
To directly examine the ability of AKINbc and SnRK1 proteins to
assemble into functional complexes, we have carried out co-IP
experiments of AKINbc and SnRK1 activity in Arabidopsis protop-
lasts. For these experiments, AKINbc was tagged with the c-Myc
epitope and expressed in protoplasts under the control of the dou-
ble 35S promoter. Total cellular extracts were then immunoprecip-
itated with anti-c-Myc antibody, and the immunoprecipitates were
assayed for the presence of speciﬁc SnRK1 kinase activity using the
SAMS peptide as a substrate. As shown in Fig. 2A, AKINbc co-
immunoprecipitates contain signiﬁcant SAMS phosphorylating
activity. Activity was signiﬁcantly increased by approximately
50% compared to control extracts, suggesting that AKINbc protein
associates with SnRK1 activity in plant cells. To test this further, we
examined the interaction between AKINbc and SnRK1 proteins
using bimolecular ﬂuorescence complementation (BiFC; see Sec-
tion 2). As shown in Fig. 2B, AKINbc- and SnRK1a/SnRK1b-split
YFP tagged proteins interact in inﬁltrated tobacco leaves to recon-
stitute YFP ﬂuorescence. This YFP ﬂuorescence localizes in theC
+SAMS
-SAMS
YC-AKINβγ / YN-SnRK1b
YC-AKINβγ / YN-SnRK1b / β1
1 2
Nbc. A c-Myc tagged AKINbc was immunoprecipitated and used in a SnRK1 kinase
ntrol, protoplasts transformed with the vector alone were used. Error bars indicate
localization of AKINbc and SnRK1a/SnRK1b reconstructed YFP complexes, with and
ana. Section 1, YFP-ﬂuorescence (green) and Section 2, YFP/bright ﬁeld overlay.
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occurs in these two cellular compartments. We also tested if the
AKINbc/SnRK1 interaction could be affected by co-transfection of
maize b1 subunit. Interestingly, this resulted in stronger BiFC inter-
action and clear re-localization of the YFP signal to the cytoplasm
(Fig. 2B). This result implies that the AKINbc/SnRK1/b1 complex
is more stable and supports that SnRK1 associations does not
merely reﬂect an unspeciﬁc association within the cell.
3.2. AKINbc self association through different domains
Structural analyses of the yeast SNF1/AMPK complex indicated
that it could be formed by two proteins of each subunit. AMPK
formed crystals that contain a dimer of trimers, formed by a a-cat-
alytic kinase and b- and c-regulatory subunits, in the asymmetric
unit, without a direct interaction between subunits of the same
type [21,22]. However, we obtained experimental evidence for
the self-association of full-length AKINbc. AKINbc and two deriva-
tives lacking the c-like domain (AKINbc 1–154) or the KIS/CBM
motif (AKINbc 124–497) were overexpressed fused to glutathione
S-transferase (GST). We found that the three constructs bound
AKINbc with similar efﬁciency (Fig. 3A). These ﬁndings strongly
suggest that both, the c-like and the KIS/CBM domain, mediate
AKINbc self-association.Zmβγ1KIS 26   PARFVWPYGG -KRVFVSGSF TRWSEHLPMS PVEGC
Zmβ1KIS1 119 PSLIVWTLGG -KNVYVEGSW DNWKSRK-AM QKSGK
Osβ1KIS 113 PVLIVWTLGG -KNVSVEGSW DNWKSRK-PM QKSGK
StGAL83KIS 105 PTLITWSYGG -NNVAIQGSW DNWTSRK-IL QRSGK
Atβ1KIS 101 PTIITWNQGG -NDVTVEGSW DNWRSRK-KL QKSGK
Atβ2KIS 103 PTMITWCHGG -KEIAVEGSW DNWKTRS-RL QRSGK
Hsβ1KIS 79 PTVIRWSEGG -KEVFISGSF NNWSTKI-PL IKSHN
AtPTPTKIS  256 TVTLTLKDKG FSRVEISGLD IGWGQRIPLT LDKGTG
FOGC1KIS   200 PVEITWQQGG -SKVYVTGSF TGWRKMIGLV PVTDKP
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Fig. 3. Self-association of AKINbc. (A) Binding of AKINbc protein to three AKINbc der
subdomain (from aa 124 to 497). GST was used as a negative control. (B) Alignment o
indicated the residues implicated in carbohydrate binding [5]. (C) Binding of AKINbc pr
GST-KIS/CBM domain from AKINbc. GST was used as a negative control.Interestingly, the KIS domain of AKINbc is truncated (amino
acids 26–106) compared to the b-subunits KIS domains (amino
acids 68–163 in AMPK b1 subunit, 5). The conserved region in
the KIS domain corresponds to the carbohydrate binding motif
(CBM) indicating the essential nature of this conserved sequence
for sugar binding, present not only in different SnRK1 subunits
but also in other proteins linked to sugar metabolism (Fig. 3B
[5,23]). For that reason, we wanted to test the speciﬁcity of AKINbc
KIS/CBM interaction with respect to other plant KIS-related pro-
teins such as the PTPKIS proteins [8]. Our results showed that
although the KIS/CBM domain is sufﬁcient for in vitro binding to
AKINbc, this interaction appears to be very speciﬁc since a similar
domain from the Arabidopsis protein tyrosine phosphatase (PTP-
KIS) is unable to bind this protein (Fig. 3C).
3.3. The KIS/CBM domain self-assembles to dimers
To further study the AKINbc KIS/CBM domain self-association,
we expressed this domain as a GST fusion in E. coli, removed the
GST tag by thrombin cleavage and tested the elution proﬁles of
the KIS/CBM polypeptide in chromatographic assays (Fig. 4A).
Loading of KIS/CBM into a MonoQ column followed by elution with
increasing salt concentrations resulted in two separated protein
fractions (Fig. 4B). Analysis of both fractions in SDS denaturing-gelsPTVFQ AICSLSPGIH EYKFYVDGEW RHDERQPTIS -GEFG-IVNT L
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the two MonoQ elution fractions differed in their level of KIS/CBM
domain oligomerization (Fig. 4C). The stability of the KIS/CBM oli-
gomer was conﬁrmed through a second round of loading and elu-
tion in MonoQ columns. We found that the initial fraction that
eluted at the lowest salt concentration separated again in two dif-
ferent fractions, whereas only one peak was obtained from the
fraction that eluted at the highest salt concentration (Fig. 4D).
We then compared the apparent sizes of the low- and high-salt
elution fraction by a size-exclusion chromatography. The KIS/
CBM protein elutes in two different peaks, at sizes of 43.2 and20.1 kD (Fig. 4E). The ﬁrst peak is highly stable and might corre-
spond to a dimeric form calculated from the elution times of pro-
tein standards, whereas the second less stable peak corresponds
to the monomeric form. Overall, our biochemical studies suggest
that the KIS/CBM domain is more stable as a dimer.
To prove this dimerization in planta we performed BiFC assays.
For both, AKINbc and KIS/CBM polypeptides, we generated fusion
proteins that were co-inﬁltrated in tobacco leaves. Reconstituted
YFP signals were observed in leaves co-expressing YFP N-terminal
and C-terminal chimeras, but not in control leaves inﬁltrated with
single constructs (Fig. 5). These results conﬁrm the in vivo
Fig. 5. AKINbc and KIS/CBM domain protein-protein interaction. Subcellular localization of AKINbc and the KIS/CBM-subdomain reconstructed YFP complexes in leaf
epidermis of N. benthamiana. YN-AKINbc/YC-AKINbc interaction; YN-KIS/YC-KIS interaction; and YN/YC negative control. Section 1, YFP-ﬂuorescence (green); Section 2,
bright ﬁeld; and Section 3, YFP/bright ﬁeld overlay.
1892 C. López-Paz et al. / FEBS Letters 583 (2009) 1887–1894relevance of AKINbc and KIS/CBM associations. Furthermore,
although the BiFC results do not provide quantitative information
about the strength of the interactions, they suggest a highly stable
dimerization of the KIS/CBM domain. However, the AKINbc homo-
mer interaction, although clearly detectable, appears less intense
(Fig. 5), suggesting that unmodiﬁed AKINbc or other SnRK1 sub-
units could be competing with the bimolecular interaction. Inter-
estingly, homodimerization-induced YFP ﬂuorescence appeared
located in both the cytoplasm and the nucleus, indicating that di-
mers could be formed in both subcellular compartments.4. Discussion
Molecular analyses of the SnRK1 complex in plants have re-
vealed considerable heterogeneity in the structure of their constit-
uent subunits. For example, previous studies have demonstrated
the existence of atypical subunits such as AKINb3, a related b-sub-
unit with a truncated CBM domain and no N-terminal region [8], or
the divergent AKINc-subunits, which conserve the CBS motifs but
are unable to complement the yeast snf4 mutant [24]. Perhaps
the most striking example of such heterogeneity is represented
by the AKINbc proteins, which display a chimeric structure com-
posed of b and c protein modules fused in a single polypeptide.
We have proposed that AKINbc proteins might fulﬁll a plant-spe-
ciﬁc requirement for SnRK1 function in plant metabolism. How-
ever, it was also conceivable that AKINbc proteins represent
divergent isoforms that are not normally part of physiological
SnRK1 complexes and perform other biological functions. Here,we have shown that maize AKINbc interacts with SnRK1 subunits
in transfected cells and is speciﬁcally associated with SnRK1 activ-
ity in vivo. Although we have not yet deﬁned the critical interac-
tions between AKINbc and SnRK1 complex components, our
results indicate that stability of the complex is increased in the
presence of the three AKINbc, SnRK1a and b1 subunits. Indeed,
structural analyses of the SNF1 complex in Saccharomyces cerevisi-
ae and Saccharoymces pombe have demonstrated direct interac-
tions among the three subunits in the heterotrimer [21,22].
Together, these results support the notion that AKINbc proteins
are functional SnRK1 subunits whose atypical structure contrib-
utes to the assembly and regulation of active SnRK1 complexes
in plants.
Alternatively, AKINbc could also be involved in other functions
depending of different molecular interactions, such as homodimer-
ization via speciﬁc domains. c-Domains typically contain four CBS
motifs that occur as tandem pairs known as Bateman domains.
Structural analyses of the SNF4 Bateman 2 domain revealed a
dimeric association that supports c subunit homodimerization
[25]. However, the SNF1 complex from S. pombe shows that there
is no direct binding between the c-subunits [21,22], suggesting
that c-subunits adopt different conformations that may depend
on speciﬁc functions. Our results demonstrate that maize AKINbc
self-assembles and that this homodimerization is mediated by
two regions: the c-domain and, unexpectedly, the KIS/CBM do-
main. The latter dimerization was not observed with the equiva-
lent domain of the PTPKIS protein, suggesting that it represents a
specialized feature of speciﬁc KIS/CBM family domains. Therefore,
we suggest that AKINbc adopts a dimeric structural conformation
C. López-Paz et al. / FEBS Letters 583 (2009) 1887–1894 1893that would be comparable to that described for SNF4 protein.
However, it seems likely, by the structural data in yeast, that the
AKINbc assembly to plant SnRK1 complexes probably does not
involve this homodimerization, suggesting that this type of inter-
action may be important for other AKINbc speciﬁc biological
functions.
The KIS/CBM domain of AKINbc contains a conserved sequence
that has been shown to function as a carbohydrate binding region
in the mammalian AMPK b1 subunit. In the yeast SNF1 complex, a
similar domain in the b-subunit Sip2 interacts with the SNF4 pro-
tein, but is still exposed to the solvent and should be able to bind
carbohydrates [22]. The AKINbc KIS/CBM sequence retains most of
the key residues (e.g. W100; K126; W133; L146; N150) that have
been shown to play a central role in AMPK b1 binding to glycogen
(see Fig. 3B). However, this domain displays in AKINbc a change in
one of the sugar-binding aminoacids (L146F) and the insertion of
three residues (aminoacids 57-59; Fig. 3B) that might result in a
slightly different structure capable of binding starch or other plant
carbohydrates. In support of this idea, the CBM site in AKINbc is
remarkably similar to the starch binding domain of plant b-amy-
lase and glucoamylase enzymes [5]. We ﬁnd, however, that
FKINbc does not signiﬁcantly accumulate in chloroplasts or amy-
loplasts, which are the main sites of starch production and storage
in plant cells (Fig. 1B). This raises the possibility that AKINbc
could be primarily involved in binding other carbohydrates, such
as sucrose or trehalose, important for sugar sensing in plants
[1]. In this context, homodimerization of the CBM domain could
represent a regulatory mechanism to facilitate or prevent the
interaction with carbohydrates, which might in turn modulate
the activity of the SnRK1 complex. This is in accordance with
biochemical analyses showing that a KIS/CBM-related domain
present in glucoamylase from Aspergillus niger establishes tran-
sient dimeric associations that are critical for binding and hydro-
lysis of starch [26].
The functional importance of c-subunits in carbohydrate
metabolism is supported by the observation that speciﬁc muta-
tions in their sequence that result in the disruption of the kinase
activity, have been linked to several human metabolic pathologies,
characterized by several symptoms, in particular, glycogen storage
disorders [27,28]. In plants, the existence of AKINbc could repre-
sent an alternative mechanism of control or a new determinant
of sugar speciﬁcity apart from b-subunits in the regulation of the
SnRK1 activity in carbohydrate sensing. Our results conﬁrm the
idea that AKINbc proteins are components of the SnRK1 complex
that could form homodimers and towards deﬁning a physiological
function for AKINbc proteins as carbohydrate sensors.Acknowledgments
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